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(54) EXHAUST GAS PURIFICATION APPARATUS FOR AN INTERNAL COMBUSTION ENGINE

(57) In order to supply a reducing agent to two NOx
catalysts arranged in series in an appropriate manner,
normal control in which an additive agent of an amount
according to an amount of NOx flowing into an upstream
side NOx catalyst is added from an upstream side of the
upstream side NOx catalyst, and decrease control in
which when an amount of ammonia adsorbed to a down-
stream side NOx catalyst exceeds a predetermined up-
per limit amount in cases where the two NOx catalysts
have been activated, an amount of additive agent to be
added from a first addition device is made smaller than
the amount of additive agent to be added at the time of
the normal control, are carried out.
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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates to an exhaust gas purification apparatus for an internal combustion engine.

Description of the Related Art

[0002] There has been known an NOx selective catalytic reduction catalyst (hereinafter, also referred to simply as an
"NOx catalyst") which purifies (removes or reduces) NOx contained in an exhaust gas of an internal combustion engine
by using ammonia as a reducing agent. At the upstream side of this NOx catalyst, there is arranged an addition valve
or the like which serves to add ammonia or a precursor of ammonia (hereinafter, ammonia or a precursor thereof being
also referred to as an "additive agent") into the exhaust gas. As the precursor of ammonia, there can be mentioned urea,
for example.
[0003] Here, there is known a construction in which two NOx catalysts are arranged in series in an exhaust passage,
and an additive agent is supplied to each of the NOx catalysts. Here, note that in the following, one of the NOx catalysts
arranged at the upstream side is also referred to as a first NOx catalyst, and the other NOx catalyst arranged at the
downstream side is also referred to as a second NOx catalyst. In this construction, there is known a technique in which
in cases where the temperature of the NOx catalyst at the upstream side is equal to or less than a predetermined upper
limit temperature, the additive agent is supplied to the NOx catalyst at the upstream side, whereas in cases where the
temperature of the NOx catalyst at the upstream side exceeds the predetermined upper limit temperature, the additive
agent is supplied to the NOx catalyst at the downstream side (for example, refer to patent literature 1).

CITATION LIST

PATENT LITERATURE

[0004] Patent Literature 1: Japanese patent application laid-open publication No. 2011-202620

SUMMARY OF THE INVENTION

TECHNICAL PROBLEM

[0005] Here, when the additive agent is supplied to the first NOx catalyst in cases where both the first NOx catalyst
and the second NOx catalyst are in an activated state, ammonia will be adsorbed to the first NOx catalyst. In this state,
when the temperature of the first NOx catalyst goes up suddenly, the amount of ammonia able to be adsorbed to the
first NOx catalyst will decrease suddenly, so the ammonia adsorbed to the first NOx catalyst desorbs from the first NOx
catalyst. The ammonia thus desorbed flows into the second NOx catalyst, and is adsorbed to the second NOx catalyst.
As a result, the amount of adsorption of ammonia in the second NOx catalyst can become excessive. In that case, the
ammonia, which can not be fully adsorbed to the second NOx catalyst, may flow out from the second NOx catalyst.
[0006] In addition, at this time, the first NOx catalyst has been activated, so when the additive agent is added to the
first NOx catalyst, most of NOx contained in the exhaust gas will be reduced in the first NOx catalyst. Accordingly,
because a small amount of NOx, which has not been able to be fully reduced in the first NOx catalyst, flows into the
second NOx catalyst, an amount of consumption of the ammonia adsorbed to the second NOx catalyst is small. That
is, a state where the amount of adsorption of ammonia in the second NOx catalyst is excessive will continue long. For
this reason, a state where ammonia easily desorbs from the second NOx catalyst will continue. Moreover, when the
additive agent is added to the first NOx catalyst in such a state, the additive agent will be added in spite of the fact that
NOx can be reduced or removed in the second NOx catalyst to a sufficient extent, and hence, the additive agent will be
added uselessly.
[0007] Accordingly, the present invention has for its object to supply a reducing agent to two NOx catalysts arranged
in series in an appropriate manner.

SOLUTION TO PROBLEM

[0008] In order to solve the above-mentioned problems, an exhaust gas purification apparatus for an internal com-
bustion engine according to the present invention comprises: a first NOx catalyst that is arranged in an exhaust passage
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of the internal combustion engine and is an NOx selective catalytic reduction catalyst selectively to reduce NOx in an
exhaust gas by using ammonia as a reducing agent; a second NOx catalyst that is arranged in said exhaust passage
at a location downstream of said first NOx catalyst and is an NOx selective catalytic reduction catalyst selectively to
reduce NOx in the exhaust gas by using ammonia as a reducing agent; a first addition device that is arranged in said
exhaust passage at the upstream side of said first NOx catalyst and configured to add an additive agent, which is
ammonia or a precursor of ammonia, into the exhaust gas; a second addition device that is arranged in said exhaust
passage at the downstream side of said first NOx catalyst and at the upstream side of said second NOx catalyst, and
configured to add said additive agent into the exhaust gas; and a control device configured to carry out normal control
in which an amount of the additive agent corresponding to an amount of NOx flowing into said first NOx catalyst is added
from said first addition device, wherein when an amount of ammonia adsorbed to said second NOx catalyst exceeds a
predetermined upper limit amount in the case where said first NOx catalyst and said second NOx catalyst have been
activated, said control device carries out decrease control in which an amount of said additive agent to be added from
said first addition device is made smaller than the amount of said additive agent to be added at the time of said normal
control.
[0009] In the normal control, the additive agent is added from the first addition device according to the amount of NOx
flowing into the first NOx catalyst, so in the first NOx catalyst, NOx can be reduced in an appropriate manner. However,
when the temperature of the first NOx catalyst goes up suddenly at the time of the normal control, the ammonia adsorbed
to the first NOx catalyst will desorb and flow out from the first NOx catalyst. Then, this ammonia is adsorbed to the
second NOx catalyst. In this manner, when the amount of adsorption of ammonia in the second NOx catalyst increases,
it may exceed a predetermined upper limit value. The predetermined upper limit value referred to herein is an amount
of adsorption of ammonia in which the amount of ammonia flowing out from the second NOx catalyst becomes an upper
limit value of an allowable range. Here, note that in order to suppress the amount of ammonia flowing out from the
second NOx catalyst from exceeding the allowable range, the predetermined upper limit value may be given a margin
so that the amount of ammonia flowing out from the second NOx catalyst is smaller than an amount of adsorption of
ammonia which becomes the upper limit value of the allowable range.
[0010] In cases where the amount of adsorption of ammonia in the second NOx catalyst exceeds the predetermined
upper limit amount, if the amount of adsorption of ammonia in the second NOx catalyst is not made to decrease, there
will be a fear that the amount of ammonia flowing out from the second NOx catalyst may exceed the allowable range.
In such a case, the control device carries out the decrease control. In the decrease control, in order to decrease the
amount of the additive agent to be added from the first addition device more than at the time of the normal control, an
amount of additive agent smaller than the amount of additive agent corresponding to the amount of NOx flowing into
the first NOx catalyst is supplied to the first NOx catalyst. That is, in the first NOx catalyst, the amount of additive agent
is small with respect to the amount of NOx flowing into there, so the ammonia adsorbed to the first NOx catalyst decreases
gradually. Due to such a decrease of ammonia, the ammonia flowing out from the first NOx catalyst decreases, and at
the same time, the NOx flowing out from the first NOx catalyst increases. Then, because the ammonia flowing into the
second NOx catalyst decreases, the amount of adsorption of ammonia in the second NOx catalyst can be suppressed
from increasing, so the outflow of ammonia from the second NOx catalyst can be suppressed. In addition, due to the
increase of NOx flowing into the second NOx catalyst, the amount of consumption of ammonia adsorbed to the second
NOx catalyst increases, thus making it possible to decrease the amount of adsorption of ammonia in the second NOx
catalyst. With this, too, the outflow of ammonia from the second NOx catalyst can be suppressed. Then, by suppressing
the outflow of ammonia from the second NOx catalyst, the amount of the additive agent added uselessly is decreased,
so that the amount of consumption of the additive agent can be decreased. Thus, the additive agent can be added to
the first NOx catalyst and the second NOx catalyst in an appropriate manner.
[0011] Here, note that after cold starting of the internal combustion engine, etc., even if the first NOx catalyst has been
activated, the second NOx catalyst may not have been activated. In cases where the second NOx catalyst has not been
activated, even if NOx flows into the second NOx catalyst, it will flow out from the second NOx catalyst, without being
substantially reduced. Accordingly, when the decrease control is carried out at such a time, NOx may flow out from the
second NOx catalyst. In such a state, the normal control is carried out without carrying out the decrease control, whereby
NOx can be reduced in the first NOx catalyst, thus making it possible to suppress NOx from flowing out from the first
NOx catalyst. For this reason, it is also possible to suppress NOx from flowing out from the second NOx catalyst.
[0012] In addition, said control device may continue said decrease control until the amount of ammonia adsorbed to
said second NOx catalyst is decreased to a predetermined lower limit amount which is a value smaller than said prede-
termined upper limit amount.
[0013] That is, the decrease control can also be carried out only in cases where the amount of adsorption of ammonia
in the second NOx catalyst is larger than the predetermined upper limit amount, but in this case, the amount of adsorption
of ammonia in the second NOx catalyst becomes the predetermined upper limit value or an amount in the vicinity thereof,
so the decrease control may also be carried out immediately. On the other hand, if the amount of adsorption of ammonia
in the second NOx catalyst is made to decrease to a sufficient extent by being decreased to the predetermined lower
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limit amount, it is not necessary to carry out the decrease control frequently. In addition, by decreasing the amount of
adsorption of ammonia in the second NOx catalyst to the predetermined lower limit amount, the outflow of ammonia
from the second NOx catalyst can be suppressed in a more reliable manner. Here, note that when the predetermined
lower limit amount is made too small, the reduction of NOx becomes difficult in the second NOx catalyst. On the other
hand, when the predetermined lower limit amount is made too large, the effect of carrying out the decrease control
becomes small. Accordingly, the predetermined lower limit amount is decided in consideration of the reduction of NOx
and the effect of carrying out the decrease control. The predetermined lower limit amount may be set, for example, so
that the NOx reduction rate in the entire system (here, a sum of the NOx reduction rates in the first NOx catalyst and
the second NOx catalyst) falls within an allowable range.
[0014] In said decrease control, said control device may set the amount of the additive agent to be added from said
first addition device to an amount in which the sum of the NOx reduction rates in said first NOx catalyst and said second
NOx catalyst becomes equal to or larger than a reduction rate threshold value.
[0015] By doing in this manner, the NOx reduction rate in the entire system is maintained equal to or larger than the
reduction rate threshold value. Here, when the decrease control is carried out, the amount of adsorption of ammonia in
the first NOx catalyst decreases gradually, so that the NOx reduction rate therein can decrease gradually. In addition,
when the decrease control is carried out, the amount of adsorption of ammonia in the second NOx catalyst decreases
gradually, and at the same time, the amount of NOx flowing into the second NOx catalyst increases, so that the NOx
reduction rate therein can decrease gradually. Accordingly, the NOx reduction rate in the entire system can decrease.
In that case, during the execution of the decrease control, there is a fear that the NOx reduction rate in the entire system
may become smaller than the reduction rate threshold value. The reduction rate threshold value referred to herein is a
lower limit value of the allowable range of the NOx reduction rate. Here, note that the reduction rate threshold value can
also be given a margin so as to be larger than the lower limit value of the allowable range of the NOx reduction rate, in
order to suppress the NOx reduction rate in the entire system from becoming smaller than the lower limit value of the
allowable range. In cases where the NOx reduction rate becomes smaller than the reduction rate threshold value, the
degree of decreasing the additive agent at the time of the decrease control need only be mitigated. Thus, even in cases
where the degree of decreasing the additive agent is mitigated, the amount of additive agent is adjusted so that the
amount of additive agent at the time of the decrease control becomes smaller than the amount of additive agent at the
time of the normal control. In this manner, the outflow of NOx from the second NOx catalyst can be suppressed by
maintaining the NOx reduction rate in the entire system equal to or larger than the reduction rate threshold value.

ADVANTAGEOUS EFFECTS OF INVENTION

[0016] According to the present invention, a reducing agent can be supplied to two NOx catalysts arranged in series
in an appropriate manner.

BRIEF DESCRIPTION OF DRAWINGS

[0017]

Fig. 1 is a view showing the schematic construction of an internal combustion engine and its exhaust system
according to embodiments of the present invention.
Fig. 2 is a time chart showing the changes over time of various kinds of values.
Fig. 3 is a flow chart showing a flow of control for adding an additive agent according to a first embodiment of the
present invention.
Fig. 4 is a time chart showing the changes over time of various kinds of values after starting of the internal combustion
engine.
Fig. 5 is a time chart showing the changes over time of various kinds of values.
Fig. 6 is a flow chart showing a flow of control for adding an additive agent according to a second embodiment of
the present invention.
Fig. 7 is a time chart showing the changes over time of various kinds of values during execution of decrease control.

DESCRIPTION OF THE EMBODIMENTS

[0018] Hereinafter, the best modes for carrying out the present invention will be exemplarily described in detail based
on preferred embodiments with reference to the attached drawings. However, the dimensions, materials, shapes, relative
arrangements and so on of component parts described in the embodiments are not intended to limit the scope of the
present invention to these alone in particular as long as there are no specific statements.
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(First Embodiment)

[0019] Fig. 1 is a view showing the schematic construction of an internal combustion engine and its exhaust system
according to a first embodiment of the present invention. The internal combustion engine 1 is a diesel engine for driving
a vehicle. However, the internal combustion engine 1 may be a gasoline engine. An exhaust passage 2 is connected to
the internal combustion engine 1. In the exhaust passage 2, two NOx selective catalytic reduction catalysts 31, 32, which
serve to selectively reduce NOx in an exhaust gas by using ammonia as a reducing agent, are arranged in series with
each other. In the following, the NOx selective catalytic reduction catalyst 31 arranged at the upstream side is referred
to as a first NOx catalyst 31, and the NOx selective catalytic reduction catalyst 32 arranged at the downstream side is
referred to as a second NOx catalyst 32.
[0020] In the exhaust passage 2 at the upstream side of the first NOx catalyst 31, there is arranged a first addition
valve 41 which serves to add urea water as a precursor of ammonia into the exhaust gas. The urea water added from
the first addition valve 41 is hydrolyzed to form ammonia, which is adsorbed to the first NOx catalyst 31 or the second
NOx catalyst 32. Also, a second addition valve 42 for adding urea water into the exhaust gas is arranged in the exhaust
passage 2 at the downstream side of the first NOx catalyst 31 and at the upstream side of the second NOx catalyst 32.
The urea water added from the second addition valve 42 is hydrolyzed into ammonia, and the ammonia thus generated
is adsorbed to the second NOx catalyst 32. The ammonia adsorbed to the first NOx catalyst 31 and the second NOx
catalyst 32 is utilized as the reducing agent in the first NOx catalyst 31 and the second NOx catalyst 32. Here, note that
the first addition valve 41 and the second addition valve 42 may add ammonia in place of the urea water. Hereinafter,
the precursor of ammonia and ammonia are each referred to as the "reducing agent". The first addition valve 41 in this
embodiment corresponds to a first addition device in the present invention, and the second addition valve 42 in this
embodiment corresponds to a second addition device in the present invention.
[0021] Further, in the exhaust passage 2 at the upstream side of the first addition valve 41, there are arranged an
NOx sensor 11 that detects the concentration of NOx in the exhaust gas flowing into the first NOx catalyst 31, an air fuel
ratio sensor 12 that detects the air fuel ratio of the exhaust gas flowing into the first NOx catalyst 31, and a temperature
sensor 13 that detects the temperature of the exhaust gas flowing into the first NOx catalyst 31. On the internal combustion
engine 1, there are mounted fuel injection valves 6 (though only one is shown) for injecting fuel into individual cylinders,
respectively. Moreover, an intake passage 7 is connected to the internal combustion engine 1. An air flow meter 23 for
detecting the amount of intake air in the internal combustion engine 1 is arranged in the intake passage 7.
[0022] Then, an ECU 10, which is an electronic control unit, is provided as a control device in combination with the
internal combustion engine 1. The ECU 10 controls the internal combustion engine 1, an exhaust gas purification ap-
paratus, and so on. A crank position sensor 21 and an accelerator opening sensor 22, in addition to the NOx sensor 11,
the air fuel ratio sensor 12, the temperature sensor 13, and the air flow meter 23 as mentioned above, are electrically
connected to the ECU 10, so that the detected values of these individual sensors are passed or transmitted to the ECU 10.
[0023] The ECU 10 is able to grasp the operating state of the internal combustion engine 1, such as the engine
rotational speed based on the detection of the crank position sensor 21, the engine load based on the detection of the
accelerator opening sensor 22, etc. Here, note that in this embodiment, the NOx in the exhaust gas flowing into the first
NOx catalyst 31 is able to be detected by the NOx sensor 11, but the NOx contained in the exhaust gas discharged from
the internal combustion engine 1 (the exhaust gas before being purified or reduced in the first NOx catalyst 31, i.e., the
exhaust gas flowing into the first NOx catalyst 31) has relation with the operating state of the internal combustion engine
1, and hence, is also able to be estimated based on the above-mentioned operating state of the internal combustion
engine 1. Also, the ECU 10 is able to estimate the temperature of the first NOx catalyst 31 based on the temperature of
the exhaust gas detected by the temperature sensor 13. In addition, the temperature sensor 13 may be a sensor that
detects the temperature of the first NOx catalyst 31, in place of the temperature of the exhaust gas. Here, note that the
temperature of the first NOx catalyst 31 has relation with the operating state of the internal combustion engine 1, so it
is also possible to estimate the temperature of the first NOx catalyst 31 based on the above-mentioned operating state
of the internal combustion engine 1. Moreover, the ECU 10 can calculate the flow rate of the exhaust gas based on the
detected value of the air flow meter 23 and the amount of fuel injection from each of the fuel injection valves 6. On the
other hand, the first addition valve 41, the second addition valve 42 and the fuel injection valves 6 are connected to the
ECU 10 through electrical wiring, so that they are controlled by the ECU 10.
[0024] The ECU 10 estimates the amounts of adsorption of ammonia in the first NOx catalyst 31 and the second NOx
catalyst 32, respectively. Here, note that in the following, when the first NOx catalyst 31 and the second NOx catalyst
32 are not distinguished from each other, they are each simply referred to as an NOx catalyst 3. Also, in the following,
when the first addition valve 41 and the second addition valve 42 are not distinguished from each other, they are each
simply referred to as an addition valve 4.
[0025] In this embodiment, the amount of adsorption of ammonia in each NOx catalyst 3 is calculated by integrating
an amount of change per unit time of the amount of adsorption of ammonia in the NOx catalyst 3. This calculation is
carried out by means of the ECU 10 in a repeated manner. The amount of change per unit time of the amount of adsorption
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of ammonia in the NOx catalyst 3 can be obtained by subtracting an amount of decrease per unit time of the amount of
adsorption of ammonia from an amount of increase per unit time thereof. Here, in the first NOx catalyst 31, the amount
of increase per unit time of the amount of adsorption of ammonia is decided according to the amount of the additive
agent per unit time added from the first addition valve 41. On the other hand, in the second NOx catalyst 32, the amount
of increase per unit time of the amount of adsorption of ammonia is decided according to the amount of addition per unit
time added from the second addition valve 42, and the amount of ammonia per unit time desorbed from the first NOx
catalyst 31 (to be described later). Here, note that the amount of increase per unit time of the amount of adsorption of
ammonia in each NOx catalyst 3 is also hereinafter referred to as "the amount of supply of ammonia".
[0026] In addition, the amount of decrease per unit time of the amount of adsorption of ammonia in each NOx catalyst
3 is a total amount of an amount of additive agent consumed per unit time in the NOx catalyst 3 (hereinafter, also referred
to as an "amount of consumption of ammonia"), and an amount of additive agent desorbed per unit time from the NOx
catalyst 3 (hereinafter, also referred to as an "amount of desorption of ammonia"). Then, the amount of adsorption of
ammonia in each NOx catalyst 3 at the current point in time is calculated by integrating an amount of change per unit
time of the amount of adsorption of ammonia in the NOx catalyst 3.
[0027] The amount of consumption of ammonia is related to the NOx reduction rate in each NOx catalyst 3, the flow
rate of exhaust gas, and the concentration of NOx in the exhaust gas flowing into the NOx catalyst 3 (hereinafter, also
referred to as the concentration of incoming NOx), and hence, can be calculated based on these values. Here, note that
the flow rate of exhaust gas is correlated with the amount of intake air detected by the air flow meter 23, and so may be
calculated based on the amount of intake air, or it may be detected by a sensor. The concentration of incoming NOx in
the first NOx catalyst 31 can be detected by the NOx sensor 11. In addition, the concentration of incoming NOx in the
second NOx catalyst 32 is equal to the concentration of NOx in the exhaust gas flowing out from the first NOx catalyst
31. The concentration of NOx in the exhaust gas flowing out from the first NOx catalyst 31 can be calculated from the
concentration of NOx in the exhaust gas flowing into the first NOx catalyst 31, and the NOx reduction rate in the first
NOx catalyst 31. The NOx reduction rate is related to the temperature of each NOx catalyst 3, the flow rate of exhaust
gas, and the amount of adsorption of ammonia in the NOx catalyst 3, and can be calculated based on these values.
Here, note that for the amount of adsorption of ammonia in each NOx catalyst 3, there is used the value calculated last
time (the last value) at the time of calculating the amount of adsorption of ammonia in a repeated manner. The relation
among them may also have been made into a map in advance. Here, note that the temperature of the second NOx
catalyst 32 can also be estimated based on the detected value of the temperature sensor 13 and the operating state of
the internal combustion engine 1, or can also be detected by a sensor which is separately provided for detecting the
temperature of the second NOx catalyst 32.
[0028] Moreover, the amount of desorption of ammonia in each NOx catalyst 3 is related to the temperature of the
NOx catalyst 3, and the last value of the amount of adsorption of ammonia in the NOx catalyst 3, and so, it can be
calculated based on these values. If the relation among the temperature of the NOx catalyst 3, the last value of the
amount of adsorption of ammonia therein, and the amount of desorption of ammonia has been obtained in advance by
experiments, simulations or the like, the amount of desorption of ammonia can be obtained based on the temperature
of the NOx catalyst 3 and the amount of adsorption of ammonia therein. The relation among them may also have been
made into a map in advance.
[0029] As described above, it is possible to calculate the amount of change per unit time of the amount of adsorption
of ammonia in each NOx catalyst 3. The amount of adsorption of ammonia at the current point in time can be calculated
by integrating this value. Here, note that the amount of change in the amount of adsorption of ammonia is calculated at
each operation period of the ECU 10, and the amount of adsorption of ammonia at the current point in time can also be
calculated by integrating this amount of change. The amount of adsorption of ammonia in the NOx catalyst 3 may be
estimated not only by the above-mentioned method, but also by other well-known methods.
[0030] In addition, the ECU 10 carries out control to add the additive agent from each addition valve 4. The ECU 10
controls to add the additive agent from each addition valve 4 so that the amount of adsorption of ammonia in each NOx
catalyst 3 becomes a target value of the amount of adsorption of ammonia (hereinafter, also referred to as a target
amount of adsorption). In this case, the ECU 10 decides the amount of addition of the additive agent per unit time
according to an amount of decrease in the amount of adsorption of ammonia from the target amount of adsorption. Here,
note that the target amount of adsorption in each NOx catalyst 3 is obtained by experiments, simulations, or the like in
advance so that the NOx reduction rate in the entire system falls in the allowable range.
[0031] For example, in the first NOx catalyst 31, the amount of decrease in the amount of adsorption of ammonia is
a total amount of the amount of consumption of ammonia and the amount of desorption of ammonia. Accordingly, in
cases where the target amount of adsorption is fixed, the amount of addition of the additive agent from the first addition
valve 41 is decided so that the additive agent of an amount corresponding to the total amount of the amount of consumption
of ammonia and the amount of desorption of ammonia is added. Here, note that in cases where the target amount of
adsorption in the first NOx catalyst 31 changes, the amount of addition of the additive agent from the first addition valve
41 is made to change according to an amount of change in the target amount of adsorption. On the other hand, in the
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second NOx catalyst 32, the ammonia having flowed out from the first NOx catalyst 31 is supplied thereto, so the amount
of decrease in the amount of adsorption of ammonia becomes a value which is obtained by subtracting the amount of
supply of ammonia from the total amount of the amount of consumption of ammonia and the amount of desorption of
ammonia. Accordingly, in cases where the target amount of adsorption is fixed, the additive agent is added from the
second addition valve 42 so that the additive agent of an amount according to the value obtained by subtracting the
amount of supply of ammonia from the total amount of the amount of consumption of ammonia and the amount of
desorption of ammonia is added. In the second NOx catalyst 32, in cases where the value obtained by subtracting the
amount of supply of ammonia from the total amount of the amount of consumption of ammonia and the amount of
desorption of ammonia is a negative value (i.e., in cases where ammonia has been supplied to an excessive extent),
the amount of addition of the additive agent from the second addition valve 42 is made to be zero. In addition, in cases
where the target amount of adsorption in the second NOx catalyst 32 changes, the amount of addition of the additive
agent from the second addition valve 42 is made to change according to an amount of change in the target amount of
adsorption. As described above, the control to add the additive agent from each addition valve 4 so as to compensate
for the amount of decrease in the amount of adsorption of ammonia is hereinafter referred to as normal control.
[0032] Here, when the load of the internal combustion engine 1 increases suddenly and the temperature of the exhaust
gas becomes high, the temperature of the first NOx catalyst 31 goes up, whereby the amount of ammonia able to be
adsorbed to the first NOx catalyst 31 decreases. For this reason, in cases where a sufficient amount of ammonia has
been adsorbed to the first NOx catalyst 31, the first NOx catalyst 31 becomes unable to have adsorbed the ammonia
due to a rise in temperature thereof, so that the ammonia flows out from the first NOx catalyst 31. On the other hand,
even if the load of the internal combustion engine 1 increases, the temperature of the second NOx catalyst 32 arranged
at a downstream side portion of the exhaust passage 2 is hard to rise. For that reason, the ammonia having flowed out
from the first NOx catalyst 31 is adsorbed to the second NOx catalyst 32. As a result of this, the amount of adsorption
of ammonia in the second NOx catalyst 32 becomes excessive.
[0033] In contrast to this, in this embodiment, in cases where the first NOx catalyst 31 and the second NOx catalyst
32 have been activated, the amount of additive agent to be added from the first addition valve 41 is made to decrease
more, in the case where the amount of adsorption of ammonia in the second NOx catalyst 32 has exceeded a prede-
termined upper limit amount, than in the case where it has not exceeded. That is, in the case where the amount of
adsorption of ammonia in the second NOx catalyst 32 has exceeded the predetermined upper limit amount, the amount
of additive agent to be added from the first addition valve 41 is decreased more than at the time of the normal control.
In this manner, controlling to decrease the amount of additive agent to be added from the first addition valve 41 more
than at the time of the normal control is hereinafter referred to as decrease control. In this embodiment, the ECU 10
functions as a control device in the present invention, by carrying out the decrease control.
[0034] Here, note that decreasing the amount of additive agent to be added from the first addition valve 41 also includes
decreasing the amount of addition of the additive agent to zero. That is, the additive agent may not be added from the
first addition valve 41. The addition of the additive agent from the second addition valve 42 is carried out by the above-
mentioned normal control. In this case, while the amount of adsorption of ammonia in the second NOx catalyst 32 has
exceeded the predetermined upper limit amount, the additive agent is not added from the second addition valve 42,
even if the value obtained by subtracting the amount of supply of ammonia from the total amount of the amount of
consumption of ammonia and the amount of desorption of ammonia is a positive value. This predetermined upper limit
amount is hereinafter referred to as a first threshold value. The first threshold value is an amount of adsorption of ammonia
which is more than the target amount of adsorption and in which an amount of ammonia flowing out from the second
NOx catalyst 32 becomes an upper limit value of the allowable range, or an amount of adsorption of ammonia which is
given a margin from, or is adequately smaller than, the amount of adsorption of ammonia in which the amount of ammonia
flowing out from the second NOx catalyst 32 becomes the upper limit value of the allowable range.
[0035] Here, by decreasing the amount of addition of the additive agent from the first addition valve 41 more than at
the time of the normal control, an amount of ammonia supplied to the first NOx catalyst 31 becomes smaller with respect
to an amount of ammonia consumed in the first NOx catalyst 31, so an amount of adsorption of ammonia in the first
NOx catalyst 31 decreases gradually. For that reason, the NOx reduction rate in the first NOx catalyst 31 drops, and an
amount of NOx flowing out from the first NOx catalyst 31 increases. Accordingly, an amount of NOx flowing into the
second NOx catalyst 32 increases, and an amount of ammonia adsorbed to the second NOx catalyst 32 is decreased
by reducing the NOx. In addition, an amount of ammonia flowing out from the first NOx catalyst 31 also decreases,
whereby an amount of ammonia newly adsorbed to the second NOx catalyst 32 can also be made to decrease.
[0036] Fig. 2 is a time chart showing the changes over time of various kinds of values. In Fig. 2, in order from the top,
there are shown the temperatures of the first NOx catalyst 31 and the second NOx catalyst 32, the amounts of adsorption
of ammonia (or the amounts of ammonia adsorption) in the first NOx catalyst 31 and the second NOx catalyst 32, and
the amount of addition of the additive agent from the first addition valve 41. L1 in temperature indicates the temperature
of the first NOx catalyst 31, and L2 indicates the temperature of the second NOx catalyst 32. L3 in the amount of ammonia
adsorption indicates the amount of adsorption of ammonia in the first NOx catalyst 31 in the case of carrying out only
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the normal control, and L4 indicates the amount of adsorption of ammonia in the first NOx catalyst 31 in the case of
carrying out the decrease control in the middle of the control. Also, L5 in the amount of ammonia adsorption indicates
the amount of adsorption of ammonia in the second NOx catalyst 32 in the case of carrying out only the normal control,
and L6 indicates the amount of adsorption of ammonia in the second NOx catalyst 32 in the case of carrying out the
decrease control in the middle of the control. In addition, L7 in the amount of addition indicates a case where only the
normal control is carried out, and L8 indicates a case where the decrease control is carried out in the middle of the control.
[0037] T1 indicates a point in time at which the load of the internal combustion engine 1 starts to rise; T2 indicates a
point in time at which the amount of adsorption of ammonia in the second NOx catalyst 32 exceeds the first threshold
value; and T3 indicates a point in time at which the amount of adsorption of ammonia in the second NOx catalyst 32
becomes smaller than a second threshold value by means of the decrease control. Here, note that in this embodiment,
the second threshold value corresponds to a predetermined lower limit amount in the present invention. The second
threshold value is set, for example, so that the NOx reduction rate in the entire system (here, a sum of the NOx reduction
rates in the first NOx catalyst and the second NOx catalyst) falls within the allowable range.
[0038] The load of the internal combustion engine 1 increases from T1, and the temperature of the first NOx catalyst
31 goes up according to this increasing load. Thereafter, the temperature of the second NOx catalyst 32 goes up late.
The amount of ammonia able to be adsorbed to the first NOx catalyst 31 decreases with the temperature rise of the first
NOx catalyst 31. As a result of this, ammonia desorbs from the first NOx catalyst 31, so the amount of adsorption of
ammonia in the first NOx catalyst 31 decreases. The ammonia thus desorbed is adsorbed to the second NOx catalyst
32, so that the amount of adsorption of ammonia in the second NOx catalyst 32 increases.
[0039] In a period of time from T1 to T2, the normal control is carried out, and ammonia becomes apt to desorb from
the first NOx catalyst 31 in accordance with the temperature rise of the first NOx catalyst 31, so the amount of addition
of the additive agent from the first addition valve 41 increases. However, the amount of desorbing ammonia becomes
more than the amount of newly adsorbing ammonia, so the amount of adsorption of ammonia in the first NOx catalyst
31 decreases gradually from the target amount of adsorption. At this time, the activity of the first NOx catalyst 31 is
increased due to the temperature rise thereof, so that NOx can be removed or reduced even in cases where the amount
of adsorption of ammonia is small.
[0040] In cases where the normal control is supposed to be carried out at and after T2 as conventionally, the additive
agent will be added from the first addition valve 41 at and after T2, so the decrease in the amount of adsorption of
ammonia in the first NOx catalyst 31 will be suppressed. In this case, the amount of addition of the additive agent from
the first addition valve 41 is adjusted in such a manner that the purification or reduction performance in the first NOx
catalyst 31 can be exhibited to a sufficient extent. Here, note that an upper limit is provided for the amount of addition
of the additive agent from the first addition valve 41, in order to suppress the outflow of ammonia from the first NOx
catalyst 31, and the upper limit of the amount of addition of the additive agent has been reached at and after T2. However,
because the outflow of ammonia from the first NOx catalyst 31 continues and NOx hardly flows out from the first NOx
catalyst 31, the amount of adsorption of ammonia in the second NOx catalyst 32 continues to increase. Thereafter, when
the temperature of the second NOx catalyst 32 also becomes high and the adsorption of ammonia becomes difficult in
the second NOx catalyst 32, ammonia will flow out from the second NOx catalyst 32.
[0041] On the other hand, when the normal control is changed to the decrease control at T2, the amount of addition
of the additive agent from the first addition valve 41 will be decreased. For the amount of addition of the additive agent
at the time of this decrease control, there has been obtained in advance an optimum value by experiments, simulations,
or the like. The amount of addition of the additive agent is set to become an amount of addition in which NOx is supplied
to the second NOx catalyst 32, but ammonia is not supplied thereto, while suppressing the increase in the amount of
adsorption of ammonia in the second NOx catalyst 32. Here, note that in the decrease control, the amount of addition
of the additive agent can also be set to 0. In the case of changing the normal control to the decrease control, the amount
of adsorption of ammonia in the first NOx catalyst 31 is decreased more than in the case where the normal control is
carried out continuously. As a result of this, the amount of ammonia flowing out from the first NOx catalyst 31 decreases,
and at the same time, the amount of NOx flowing out from the first NOx catalyst increases, so that the amount of
adsorption of ammonia in the second NOx catalyst 32 decreases quickly.
[0042] When the amount of adsorption of ammonia in the second NOx catalyst 32 decreases to the second threshold
value by carrying out the decrease control at T3, the control is returned to the normal control, so the amount of adsorption
of ammonia in the first NOx catalyst 31 increases.
[0043] In this manner, in this embodiment, the decrease control is continued until the amount of adsorption of ammonia
in the second NOx catalyst 32 decreases to the second threshold value after it exceeds the first threshold value, but
instead of this, the decrease control may be carried out only while the amount of adsorption of ammonia in the second
NOx catalyst 32 exceeds the first threshold value. In this case, the first threshold value and the second threshold value
can be considered to be the same value. By doing in this manner, the amount of adsorption of ammonia in the second
NOx catalyst 32 can be made equal to or less than the first threshold value. However, in this case, the amount of
adsorption of ammonia in the second NOx catalyst 32 changes in a relatively large state, so that the ammonia is apt to
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flow out from the second NOx catalyst 32. Accordingly, after the amount of adsorption of ammonia in the second NOx
catalyst 32 exceeds the first threshold value, the effect of suppressing the outflow of ammonia becomes larger in the
case where the decrease control is continued until the amount of adsorption of ammonia in the second NOx catalyst 32
decreases to the second threshold value.
[0044] Fig. 3 is a flow chart showing a flow or routine for controlling to add the additive agent according to this
embodiment. The flow or routine in this flow chart is carried out by means of the ECU 10 in a repeated manner at each
predetermined time interval.
[0045] In step S101, the amounts of adsorption of ammonia in the first NOx catalyst 31 and the second NOx catalyst
32 are obtained, respectively. The amounts of adsorption of ammonia have been separately calculated by the ECU 10,
and hence, the thus calculated values are read in.
[0046] In step S102, the temperatures of the first NOx catalyst 31 and the second NOx catalyst 32 are obtained,
respectively. Each of these temperatures may be estimated or may be detected by a temperature sensor.
[0047] In step S103, it is determined whether the temperatures of the first NOx catalyst 31 and the second NOx catalyst
32 are equal to or higher than their activation temperature. In cases where the first NOx catalyst 31 and the second NOx
catalyst 32 have not been activated, NOx can not be fully removed or reduced in the second NOx catalyst 32 even if
the decrease control is carried out, and hence, as a prerequisite for carrying out the decrease control, it is necessary
that the first NOx catalyst 31 and the second NOx catalyst 32 should have been activated. In cases where an affirmative
determination is made in step S103, the routine goes to step S104, whereas in cases where a negative determination
is made, the routine goes to step S105.
[0048] In step S105, the additive agent is added to the catalyst which has been activated. At this time, the normal
control is carried out with respect to the activated catalyst. That is, in cases where the temperature of the first NOx
catalyst 31 is equal to or higher than its activation temperature, the additive agent is added from the first addition valve
41, or in cases where the temperature of the second NOx catalyst 32 is equal to or higher than its activation temperature,
the additive agent is added from the second addition valve 42. In addition, when the temperatures of the first NOx catalyst
31 and the second NOx catalyst 32 are both less than the activation temperature, the addition of the additive agent from
the first addition valve 41 and the second addition valve 42 are not carried out.
[0049] On the other hand, in step S104, it is determined whether the amount of adsorption of ammonia in the second
NOx catalyst 32 is larger than the first threshold value. In this step S104, it is determined whether the amount of adsorption
of ammonia in the second NOx catalyst 32 is excessive. In cases where an affirmative determination is made in step
S104, the routine goes to step S106, whereas in cases where a negative determination is made, the routine goes to
step S107.
[0050] In step S106, a decrease flag is set to on. The decrease flag is a flag which is set to on when the decrease
control is carried out and the normal control is not carried out, and which is set to off when the decrease control is not
carried out and the normal control is carried out. On the other hand, in step S107, the normal control is carried out.
[0051] In step S108, the amount of addition of the additive agent from the first addition valve 41 is decreased by the
decrease control being carried out. The amount of additive agent after being decreased may be a fixed value which has
been obtained in advance, or may be a value decided according to a map which has been obtained in advance. The
amount of additive agent thus decreased is set so as to suppress the increase in the amount of adsorption of ammonia
in the second NOx catalyst 32. In addition, in this step, the amount of addition of additive agent may also be set to 0.
[0052] Then, on the other hand, in step S109, it is determined whether the amount of adsorption of ammonia in the
second NOx catalyst 32 is smaller than the second threshold value. That is, in this step, it is determined whether the
amount of adsorption of ammonia in the second NOx catalyst 32 has been decreased to a sufficient extent. In cases
where an affirmative determination is made in step S109, the routine goes to step S110, where the decrease flag is set
to off. On the other hand, in cases where a negative determination is made in step S109, the routine in this flow chart
is ended. In this manner, the decrease control is carried out until the amount of adsorption of ammonia in the second
NOx catalyst 32 becomes smaller than the second threshold value.
[0053] As described above, in this embodiment, in cases where the amount of adsorption of ammonia in the second
NOx catalyst 32 is excessive, the amount of ammonia flowing out from the first NOx catalyst 31 is made to decrease,
and the amount of NOx flowing out from the first NOx catalyst 31 is made to increase, in order to decrease the amount
of additive agent to be added from the first addition valve 41. With this, the amount of adsorption of ammonia in the
second NOx catalyst 32 can be decreased, thus making it possible to suppress ammonia from flowing out of the second
NOx catalyst 32. In addition, the NOx flowing out from the first NOx catalyst 31 can be reduced in the second NOx
catalyst 32. Moreover, the amount of outflow of ammonia from the second NOx catalyst 32 can be decreased, thus
making it possible to decrease the amount of consumption of the additive agent in the entire system. In this manner,
according to this embodiment, the additive agent can be added in an appropriate manner. Further, the amount of addition
of the additive agent can be decreased, so the capacity of the tank for storing the additive agent can be made small,
and the reduction in size of the system can be attained.
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(Modification)

[0054] In this modification, even if the amount of adsorption of ammonia in the second NOx catalyst 32 is excessive,
in cases where after the cold start of the internal combustion engine 1, etc., only the first NOx catalyst 31 has been
activated but the second NOx catalyst 32 has not been activated, the amount of addition of the additive agent from the
first addition valve 41 is added. Then, after the second NOx catalyst 32 has been activated, the decrease control is
started so that the amount of addition of the additive agent from the first addition valve 41 is decreased. For example,
in cases where the internal combustion engine 1 is stopped in a state where the amount of adsorption of ammonia in
the second NOx catalyst 32 is excessive, the internal combustion engine 1 can be started in a state where the second
NOx catalyst 32 has not been activated and the amount of adsorption of ammonia in the second NOx catalyst 32 is
excessive.
[0055] Here, in cases where the second NOx catalyst 32 has not been activated, NOx can hardly be reduced in the
second NOx catalyst 32, and hence, if NOx is not reduced in the first NOx catalyst 31, the NOx reduction rate in the
entire system will drop. That is, when the amount of addition of the additive agent from the first addition valve 41 is
decreased just because the amount of adsorption of ammonia in the second NOx catalyst 32 is excessive, it will become
difficult to reduce NOx in any of the first NOx catalyst 31 and the second NOx catalyst 32, and accordingly, the NOx
reduction rate in the entire system will be decreased. In such a case, the decrease in the NOx reduction rate in the entire
system can be suppressed, by reducing NOx in the first NOx catalyst 31 by adding the additive agent from the first
addition valve 41.
[0056] Fig. 4 is a time chart showing the changes over time of various kinds of values after starting of the internal
combustion engine 1. In Fig. 4, in order from the top, there are shown the temperatures of the first NOx catalyst 31 and
the second NOx catalyst 32, the amount of adsorption of ammonia (or the amount of ammonia adsorption) in the second
NOx catalyst 32, the amount of addition of the additive agent from the first addition valve 41, and the amount of ammonia
flowing out from the second NOx catalyst 32. L11 in temperature indicates the temperature of the first NOx catalyst 31,
and L12 indicates the temperature of the second NOx catalyst 32. Also, L13 in the amount of ammonia adsorption
indicates the amount of adsorption of ammonia in the second NOx catalyst 32 in the case of carrying out only the normal
control, and L14 indicates the amount of adsorption of ammonia in the second NOx catalyst 32 in the case of carrying
out the decrease control in the middle of the control. In addition, L15 and L17 in the amount of addition and the amount
of outflow ammonia indicate cases where only the normal control is carried out, and L16 and L18 indicate cases where
the decrease control is carried out in the middle of the control. In Fig. 2, there are shown the cases where the temperatures
of the first NOx catalyst 31 and the second NOx catalyst 32 are generally higher than their activation temperature, but
in Fig. 4, the temperatures of the first NOx catalyst 31 and the second NOx catalyst 32 start from a temperature lower
than their activation temperature. For that reason, Fig. 2 and Fig. 4 are different from each other in the magnitude of
scale on the axis of ordinate.
[0057] T4 indicates a point in time at which the temperature of the first NOx catalyst 31 exceeds its activation temper-
ature; T5 indicates a point in time at which the temperature of the second NOx catalyst 32 exceeds its activation
temperature; and T6 indicates a point in time at which the amount of adsorption of ammonia in the second NOx catalyst
32 becomes smaller than the second threshold value by means of the decrease control. Here, note that in this modification,
the following explanation will be made on the assumption that the activation temperatures of the first NOx catalyst 31
and the second NOx catalyst 32 are equal to each other, but the activation temperatures of these catalysts may be
different from each other.
[0058] The amount of adsorption of ammonia in the second NOx catalyst 32 is more than the first threshold value from
a point in time of starting of the internal combustion engine 1, but the temperatures of the first NOx catalyst 31 and the
second NOx catalyst 32 are lower than their activation temperature until T4, so the addition of the additive agent from
the first addition valve 41 is not carried out.
[0059] After the starting of the internal combustion engine 1, the temperature of the first NOx catalyst 31 at the upstream
side goes up more quickly than that of the second NOx catalyst 32 at the downstream side. For that reason, the first
NOx catalyst 31 reaches the activation temperature earlier than the second NOx catalyst 32. Even when the temperature
of the first NOx catalyst 31 reaches the activation temperature at T4, the temperature of the second NOx catalyst 32 is
lower than the activation temperature. For that reason, the additive agent is added from the first addition valve 41 to the
first NOx catalyst 31 so that NOx can be reduced only in the first NOx catalyst 31. The amount of addition of the reducing
agent at this time is the same as in the normal control. In this manner, in a period of time from T4 to T5, NOx is reduced
in the first NOx catalyst 31. However, when the temperature of the first NOx catalyst 31 becomes high and ammonia
desorbs from the first NOx catalyst 31, ammonia will be excessive in the second NOx catalyst 32, so it will become
difficult to adsorb ammonia in the second NOx catalyst 32. Accordingly, ammonia may flow out from the second NOx
catalyst 32.
[0060] When the temperature of the second NOx catalyst 32 reaches the activation temperature at T5, NOx can be
reduced in the second NOx catalyst 32. At this time, the amount of adsorption of ammonia in the second NOx catalyst
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32 is more than that in the first threshold value. Accordingly, from T5, the amount of addition of the additive agent from
the first addition valve 41 is made to decrease, in order to reduce NOx in the second NOx catalyst 32. As a result of this,
the NOx, which has not been fully reduced in the first NOx catalyst 31, flows into the second NOx catalyst 32, so the
amount of adsorption of ammonia in the second NOx catalyst 32 decreases. In addition, because the amount of addition
of the additive agent from the first addition valve 41 is decreased, the amount of ammonia flowing out from the first NOx
catalyst 31 decreases. Accordingly, the amount of ammonia flowing into the second NOx catalyst 32 decreases, so the
amount of ammonia flowing out from the second NOx catalyst 32 also decreases.
[0061] Then, at T6, the amount of adsorption of ammonia in the second NOx catalyst 32 decreases to the second
threshold value, so the amount of addition of the additive agent from the first addition valve 41 is returned to its original
amount. In this manner, the amount of ammonia flowing out from the second NOx catalyst 32 can be made to decrease.
[0062] At the time of the cold start of the internal combustion engine 1, etc., in the flow chart shown in Fig. 3, a negative
determination is made in step S103, and the processing of step S105 is carried out until the first addition valve 41 and
the second addition valve 42 both reach the activation temperature. For example, in step S105, the addition of the
additive agent from the first addition valve 41 is stopped until T4 in Fig. 4. In step S105, the additive agent is added from
the first addition valve 41 in the period of time from T4 to T5. Then, at and after T5, an affirmative determination is made
in step S103, and the decrease control is carried out. Thereafter, when it comes to T6, an affirmative determination is
made in step S109, and the flow or routine is returned to the normal control.
[0063] As described above, according to this modification, the decrease control is started after the second NOx catalyst
32 has been activated, and hence, in a period of time until the second NOx catalyst 32 is activated, NOx can be reduced
in the first NOx catalyst 31.

(Second Embodiment)

[0064] In a second embodiment, the amount of addition of the additive agent from the first addition valve 41 is adjusted,
so that the NOx reduction rate in the entire system (i.e., the sum of the NOx reduction rates in the first NOx catalyst and
the second NOx catalyst) falls within the allowable range. The other components and so on in this second embodiment
are the same as those in the first embodiment, so the explanation thereof is omitted. Here, note that the NOx reduction
rate in the entire system is calculated by the ECU 10.
[0065] Here, the amount of adsorption of ammonia in the second NOx catalyst 32 has exceeded the first threshold
value, and so, the decrease control is carried out thereby to decrease the amount of addition of the additive agent from
the first addition valve 41, whereby the amount of adsorption of ammonia in the first NOx catalyst 31 is decreased
gradually. For that reason, the NOx reduction rate in the first NOx catalyst 31 decreases gradually. On the other hand,
in the second NOx catalyst 32, when the amount of adsorption of ammonia has exceeded the first threshold value, the
NOx reduction rate becomes relatively high, but because the amount of adsorption of ammonia in the second NOx
catalyst 32 decreases gradually, the NOx reduction rate in the second NOx catalyst 32 also drops gradually. Accordingly,
the NOx reduction rate in the entire system can decrease gradually. For that reason, when the amount of addition of the
additive agent from the first addition valve 41 is kept decreased uniformly during the decrease control, there is a fear
that the NOx reduction rate in the entire system may drop lower than the allowable range, in a period of time until the
amount of adsorption of ammonia in the second NOx catalyst 32 decreases to the second threshold value.
[0066] Accordingly, in this second embodiment, in cases where the NOx reduction rate in the entire system becomes
smaller than a reduction rate threshold value, the degree of decreasing the additive agent to be added from the first
addition valve 41 in the decrease control is made mitigated. The amount of additive agent is made to increase gradually
in a range where the amount of additive agent is smaller than at the time of the normal control, so that the NOx reduction
rate in the entire system may become equal to or larger than the reduction rate threshold value. Here, note that the
reduction rate threshold value may be a lower limit value of the allowable range, but may also be a value a little larger
than the lower limit value of the allowable range so as to provide a margin. In this case, as the reduction rate threshold
value, there may have been obtained by experiments, simulations or the like a value in which the NOx reduction rate in
the entire system does not become smaller than the lower limit value of the allowable range.
[0067] Here, in the first embodiment, too, the NOx reduction rate in the entire system can be suppressed from becoming
smaller than the reduction rate threshold value, by setting the second threshold value to a relatively large value. However,
a return to the normal control will be performed, by terminating the decrease control in a state where the amount of
adsorption of ammonia in the second NOx catalyst 32 is relatively large, and hence, there is a fear that the amount of
adsorption of ammonia in the second NOx catalyst 32 may soon exceed the first threshold value. That is, ammonia
becomes apt to flow out from the second NOx catalyst 32. On the other hand, as in this second embodiment, by setting
the second threshold value to a relatively small value, and adjusting the amount of addition of the additive agent from
the first addition valve 41 according to the NOx reduction rate in the entire system, it is possible to decrease the amount
of adsorption of ammonia in the second NOx catalyst 32 to a sufficient extent, while suppressing the decrease of the
NOx reduction rate.
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[0068] Fig. 5 is a time chart showing the changes over time of various kinds of values. In Fig. 5, in order from the top,
there are shown the temperatures of the first NOx catalyst 31 and the second NOx catalyst 32, the amounts of adsorption
of ammonia (or the amounts of ammonia adsorption) in the first NOx catalyst 31 and the second NOx catalyst 32, the
NOx reduction rates in the first NOx catalyst 31 and the second NOx catalyst 32 and the entire system, and the amount
of addition of the additive agent from the first addition valve 41. L21 in temperature indicates the temperature of the first
NOx catalyst 31, and L22 indicates the temperature of the second NOx catalyst 32. L23 in the amount of ammonia
adsorption indicates the amount of adsorption of ammonia in the first NOx catalyst 31 in the case of carrying out the
normal control according to the first embodiment, and L24 indicates the amount of adsorption of ammonia in the first
NOx catalyst 31 in the case of carrying out the decrease control according to this second embodiment. Also, L25 in the
amount of ammonia adsorption indicates the amount of adsorption of ammonia in the second NOx catalyst 32 in the
case of carrying out only the normal control, and L26 indicates the amount of adsorption of ammonia in the second NOx
catalyst 32 in the case of carrying out the decrease control in the middle of the control. In addition, L27 in the NOx
reduction rate indicates the NOx reduction rate in the entire system in the case of carrying out the decrease control
according to the first embodiment, and L28, L29 indicate the NOx reduction rate in the first NOx catalyst 31 and the NOx
reduction rate in the second NOx catalyst 32, respectively, in the case of carrying out the decrease control according to
the first embodiment. Moreover, L30 in the NOx reduction rate indicates the NOx reduction rate in the entire system in
the case of carrying out the decrease control according to this second embodiment. L31 in the NOx reduction rate
indicates the NOx reduction rate in the first NOx catalyst 31 in the case of carrying out the decrease control according
to this second embodiment. Further, L32 in the amount of addition indicates a case where only the normal control is
carried out, and L33 indicates a case where the decrease control is carried out from the middle of the control.
[0069] T7 indicates a point in time at which the load of the internal combustion engine 1 starts to rise; T8 indicates a
point in time at which the amount of adsorption of ammonia in the second NOx catalyst 32 exceeds the first threshold
value; T9 indicates a point in time at which the NOx reduction rate in the entire system becomes smaller than the reduction
rate threshold value; and T10 indicates a point in time at which the amount of adsorption of ammonia in the second NOx
catalyst 32 becomes smaller than the second threshold value by means of the decrease control.
[0070] The NOx reduction rate in the first NOx catalyst 31 and the NOx reduction rate in the second NOx catalyst 32
change according to the amounts of adsorption of ammonia in the individual catalysts, respectively. For that reason,
from T7 to T8, the NOx reduction rate in the first NOx catalyst 31 drops according to the decreasing amount of adsorption
of ammonia in the first NOx catalyst 31, and the NOx reduction rate in the second NOx catalyst 32 rises according to
the increasing amount of adsorption of ammonia in the second NOx catalyst 32. Then, when the decrease control is
started at T8, the amount of adsorption of ammonia in the second NOx catalyst 32 decreases. In that case, the NOx
reduction rate in the second NOx catalyst 32 also drops. In addition, at this time, the amount of adsorption of ammonia
in the first NOx catalyst 31 also decreases. For that reason, at and after T8, the NOx reduction rate in the entire system
drops gradually.
[0071] When the NOx reduction rate in the entire system becomes smaller than the reduction rate threshold value at
T9, the amount of addition of the additive agent from the first addition valve 41 is made to increase gradually in a range
where the amount of the additive agent is smaller than at the time of the normal control, so that the NOx reduction rate
in the entire system may become equal to or larger than the reduction rate threshold value. At this time, the amount of
adsorption of ammonia in the first NOx catalyst 31 begins to increase, and the NOx reduction rate in the first NOx catalyst
31 also rises. If the amount of addition of the additive agent from the first addition valve 41 is fixed in an amount of
addition most decreased from T8 to T9, the NOx reduction rate in the entire system will become smaller than the reduction
rate threshold value at and after T9, as indicated by L27. In this second embodiment, from T9, the amount of addition
of the additive agent from the first addition valve 41 is adjusted in a range where an increase in the amount of adsorption
of ammonia in the second NOx catalyst 32 can be suppressed. Here, note that the amount of addition of the additive
agent from the first addition valve 41 may also be controlled in a feedback manner, so that the NOx reduction rate in
the entire system becomes equal to or larger than the reduction rate threshold value.
[0072] Fig. 6 is a flow chart showing a flow or routine for controlling to add the additive agent according to this second
embodiment. The flow or routine in this flow chart is carried out by means of the ECU 10 in a repeated manner at each
predetermined time interval. Here, note that for those steps in which the same processings as in the flow chart shown
in Fig. 3 are carried out, the same reference numerals and characters are attached and the explanation thereof is omitted.
In addition, the processings in and before step S106 in Fig. 6 are the same as those in the flow chart shown in Fig. 3,
so the explanation thereof is omitted.
[0073] In the flow chart or routine shown in Fig. 6, when the processing of step S106 ends, the routine goes to step
S201. In step S201, an NOx reduction rate CCAL in the entire system is calculated. Here, an NOx reduction rate C1CAL
in the first NOx catalyst 31 is associated with an amount of intake air GA in the internal combustion engine 1, a temperature
TA of the first NOx catalyst 31, and an amount of adsorption of ammonia Q1 in the first NOx catalyst 31, and so is
calculated by the following function F1. 
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[0074] Similarly, an NOx reduction rate C2CAL in the second NOx catalyst 32 is associated with the amount of intake
air GA in the internal combustion engine 1, a temperature TB of the second NOx catalyst 32, and an amount of adsorption
of ammonia Q2 in the second NOx catalyst 32, and so can be calculated by the following function F2. 

[0075] Then, the NOx reduction rate CCAL in the entire system can be calculated by the following expression. 

[0076] In step S202, it is determined whether the NOx reduction rate CCAL in the entire system is smaller than the
reduction rate threshold value. In this step S202, it is determined whether it is necessary to alleviate the degree of
decreasing the additive agent to be added from the first addition valve 41. In cases where an affirmative determination
is made in step S202, the routine goes to step S203, whereas in cases where a negative determination is made, the
routine goes to step S108, where the additive agent to be added from the first addition valve 41 is set to the amount of
addition set in the first embodiment.
[0077] In step S203, an NOx reduction rate C1REQ requested for the first NOx catalyst 31 (hereinafter, a requested
NOx reduction rate) is calculated. The requested NOx reduction rate C1REQ for the first NOx catalyst 31 is calculated
as an NOx reduction rate in the first NOx catalyst 31 at which the NOx reduction rate in the entire system becomes a
reduction rate threshold value CCALTRG. That is, it is calculated by the following expression.

[0078] In step S204, a target amount of adsorption Q1TRG in the first NOx catalyst 31 is calculated. The target amount
of adsorption Q1TRG in the first NOx catalyst 31 is calculated as an amount of adsorption of ammonia in the first NOx
catalyst 31 in which the requested NOx reduction rate in the first NOx catalyst 31 calculated in step S203 is attained.
The target amount of adsorption Q1TRG in the first NOx catalyst 31 is associated with the requested NOx reduction
rate in the first NOx catalyst 31 C1REQ, the temperature TA of the first NOx catalyst 31, and the amount of intake air
GA in the internal combustion engine 1, and is calculated by the following function F3. 

[0079] In step S205, the amount of addition of the additive agent from the first addition valve 41 is updated. The amount
of addition QADD1 of the additive agent from the first addition valve 41 is calculated as an amount of addition of the
additive agent in which the target amount of adsorption Q1TRG in the first NOx catalyst 31 calculated in step S204 is
attained. The amount of addition QADD1 of the additive agent from the first addition valve 41 is associated with the
target amount of adsorption Q1TRG in the first NOx catalyst 31, the temperature TA of the first NOx catalyst 31, and
the amount of intake air GA in the internal combustion engine 1, and is calculated by the following function F4. 

[0080] At this time, the amount of addition QADD1 of the additive agent from the first addition valve 41 increases, so
that the NOx reduction rate in the entire system becomes equal to or larger than the reduction rate threshold value.
When the processing of step S205 ends, the routine goes to step S109.
[0081] Here, note that the amount of addition of the additive agent capable of exhibiting the requested NOx reduction
rate C1 REQ in the first NOx catalyst 31 may be directly calculated by integrating the processing of step S204 and the
processing of step S205, or may be obtained by using a map, etc.
[0082] As described above, according to this second embodiment, it is possible to further decrease the amount of
adsorption of ammonia in the second NOx catalyst 32, while suppressing the decrease of the NOx reduction rate in the
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entire system. For this reason, the outflow of ammonia from the second NOx catalyst 32 can be suppressed in a more
reliable manner. In addition, the second threshold value can be made smaller, thereby making it possible to suppress
the outflow of ammonia in a more reliable manner. Thus, the effect of decreasing the amount of consumption of the
additive agent is large.

(Third Embodiment)

[0083] In a third embodiment, in cases where the NOx reduction rate in the entire system is varied due to variations
in the flow rate of exhaust gas and the amount of NOx flowing into the first NOx catalyst 31, the amount of addition of
the additive agent from the first addition valve 41 is adjusted, so that the NOx reduction rate in the entire system falls
within the allowable range. The other components and so on in this third embodiment are the same as those in the first
embodiment, so the explanation thereof is omitted.
[0084] Here, in cases where the decrease control is carried out, when the amount of NOx flowing into the first NOx
catalyst 31 is suddenly increased due to a sudden increase in the flow rate of the exhaust gas or in the amount of NOx
discharged from the internal combustion engine 1, there is a fear that when the amounts of adsorption of ammonia in
the first NOx catalyst 31 and the second NOx catalyst 32 are small, the NOx reduction rate in the entire system may
become smaller than the reduction rate threshold value.
[0085] Accordingly, in this third embodiment, in cases where the NOx reduction rate in the entire system becomes
smaller than the reduction rate threshold value, the degree of decreasing the additive agent to be added from the first
addition valve 41 in the decrease control is made mitigated. The amount of additive agent is set so that the NOx reduction
rate in the entire system becomes equal to or larger than the reduction rate threshold value.
[0086] Fig. 7 is a time chart showing the changes over time of various kinds of values during execution of decrease
control. This time chart is in the middle of the decrease control being carried out. In Fig. 7, in order from the top, there
are shown the concentration of NOx in the exhaust gas flowing into the first NOx catalyst 31 (inflow NOx concentration),
the amounts of adsorption of ammonia (or the amounts of ammonia adsorption) in the first NOx catalyst 31 and the
second NOx catalyst 32, the NOx reduction rate in the entire system, and the amount of addition of the additive agent
from the first addition valve 41. L41 in the amount of ammonia adsorption indicates the first NOx catalyst 31, and L42
indicates the second NOx catalyst 32. T11 indicates a point in time at which the NOx reduction rate in the entire system
becomes smaller than the reduction rate threshold value as a result of a rise in the concentration of NOx in the exhaust
gas flowing into the first NOx catalyst 31; T12 indicates a point in time at which the concentration of NOx in the exhaust
gas flowing into the first NOx catalyst 31 drops; and T13 indicates a point in time at which the amount of adsorption of
ammonia in the second NOx catalyst 32 becomes smaller than the second threshold value. The decrease control is
started from or before T11, and the decrease control is continued at and after T13.
[0087] From or before T11, the decrease control has been carried out because the amount of adsorption of ammonia
in the second NOx catalyst 32 is more than the first threshold value, and the amount of addition of the additive agent
from the first addition valve 41 has been decreased. At this time, the concentration of NOx in the exhaust gas flowing
into the first NOx catalyst 31 is relatively low, and so the NOx reduction rate in the entire system has become equal to
or larger than the reduction rate threshold value.
[0088] The operating state of the internal combustion engine 1 changes from T11, so that the concentration of NOx
in the exhaust gas flowing into the first NOx catalyst 31 during the decrease control becomes relatively high. At this time,
the amount of adsorption of ammonia in the second NOx catalyst 32 is large, but the amount of adsorption of ammonia
in the first NOx catalyst 31 is small, and hence, NOx can not be fully reduced in the first NOx catalyst 31 and the second
NOx catalyst 32. For that reason, the NOx reduction rate in the entire system becomes smaller than the reduction rate
threshold value. In contrast to this, the amount of addition of the additive agent from the first addition valve 41 is increased
in a range where the amount of the additive agent is smaller than at the time of the normal control. Here, note that in
the example shown in Fig. 7, in order to quickly raise the NOx reduction rate in the entire system, the amount of addition
of the additive agent from the first addition valve 41 is once made to increase greatly in a range where the amount of
the additive agent is smaller than at the time of the normal control, and after the amount of the additive agent is made
to decrease, the amount of addition of the additive agent from the first addition valve 41 is made to increase gradually
according to the NOx reduction rate in the entire system in a range where the amount of the additive agent is smaller
than at the time of the normal control. At this time, the amount of adsorption of ammonia in the first NOx catalyst 31
begins to increase, and the NOx reduction rate in the first NOx catalyst 31 also rises. From T11 to T12, the amount of
addition of the additive agent from the first addition valve 41 is set in a range where the amount of adsorption of ammonia
in the second NOx catalyst 32 does not increase. Here, note that the amount of addition of the additive agent from the
first addition valve 41 may also be controlled in a feedback manner, so that the NOx reduction rate in the entire system
becomes equal to or larger than the reduction rate threshold value.
[0089] At T12, the operating state of the internal combustion engine 1 changes, and the concentration of NOx in the
exhaust gas flowing into the first NOx catalyst 31 becomes relatively low. At this time, the amounts of adsorption of
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ammonia in the first NOx catalyst 31 and the second NOx catalyst 32 are sufficiently large with respect to the amount
of NOx flowing into the first NOx catalyst 31, so the amount of addition of the additive agent from the first addition valve
41 is decreased more than the amount of addition in the period of time from T11 to T12, thereby promoting to decrease
the amount of adsorption of ammonia in the second NOx catalyst 32.
[0090] Then, when the amount of adsorption of ammonia in the second NOx catalyst 32 becomes smaller than the
second threshold value at T13, the decrease control is changed to the normal control.
[0091] A flow or routine for the control to add the additive agent according to this third embodiment is the same as
that in the flow chart shown in Fig. 6, and hence, the explanation thereof is omitted.
[0092] As described above, according to this third embodiment, it is possible to further decrease the amount of ad-
sorption of ammonia in the second NOx catalyst 32, while suppressing the decrease of the NOx reduction rate in the
entire system. For this reason, the outflow of ammonia from the second NOx catalyst 32 can be suppressed in a more
reliable manner.

Claims

1. An exhaust gas purification apparatus for an internal combustion engine (1) comprising:

a first NOx catalyst (31) that is arranged in an exhaust passage (2) of the internal combustion engine (1) and
is an NOx selective catalytic reduction catalyst selectively to reduce NOx in an exhaust gas by using ammonia
as a reducing agent;
a second NOx catalyst (32) that is arranged in said exhaust passage (2) at a location downstream of said first
NOx catalyst (31) and is an NOx selective catalytic reduction catalyst selectively to reduce NOx in the exhaust
gas by using ammonia as a reducing agent;
a first addition device (41) that is arranged in said exhaust passage (2) at the upstream side of said first NOx
catalyst (31) and configured to add an additive agent, which is ammonia or a precursor of ammonia, into the
exhaust gas;
a second addition device (42) that is arranged in said exhaust passage (2) at the downstream side of said first
NOx catalyst (31) and at the upstream side of said second NOx catalyst (32), and configured to add said additive
agent into the exhaust gas; and
a control device (10) configured to carry out normal control in which an amount of the additive agent corresponding
to an amount of NOx flowing into said first NOx catalyst (31) is added from said first addition device (41), wherein
when an amount of ammonia adsorbed to said second NOx catalyst (32) exceeds a predetermined upper limit
amount in the case where said first NOx catalyst (31) and said second NOx catalyst (32) have been activated,
said control device (10) configured to carry out decrease control in which an amount of said additive agent to
be added from said first addition device (41) is made smaller than the amount of said additive agent to be added
at the time of said normal control.

2. The exhaust gas purification apparatus for an internal combustion engine (1) as set forth in claim 1, wherein
said control device (10) is further configured to continue said decrease control until the amount of ammonia adsorbed
to said second NOx catalyst (32) is decreased to a predetermined lower limit amount which is a value smaller than
said predetermined upper limit amount.

3. The exhaust gas purification apparatus for an internal combustion engine (1) as set forth in claim 1 or 2, wherein
in said decrease control, said control device (10) is further configured to set the amount of the additive agent to be
added from said first addition device (41) to an amount in which a sum of the NOx reduction rates in said first NOx
catalyst (31) and said second NOx catalyst (32) becomes equal to or larger than a reduction rate threshold value.
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